We examine the Sunyaev-Zeldovich (SZ) effect in the 7-yr Wilkinson Microwave Anisotropy Probe (WMAP ) data by cross-correlating it with the Planck Early-release Sunyaev-Zeldovich catalog. Our analysis proceeds in two parts. We first perform a stacking analysis in which the filtered WMAP data are averaged at the locations of the 175 Planck clusters. We then perform a regression analysis to compare the mean amplitude of the SZ signal, Y 500 , in the WMAP data to the corresponding amplitude in the Planck data. The aggregate Planck clusters are detected in the 7-yr WMAP data with a signal-to-noise ratio of 16.3. In the regression analysis we find that the SZ amplitude measurements agree to better than 25%: a = 1.23 ± 0.18 for the fit Y wmap 500 = aY planck 500 . Subject headings: cosmic microwave background -cosmology: observations-galaxies: clusters: generallarge scale structure of universe 1. INTRODUCTION Clusters of galaxies are important objects for studying cosmology and large-scale structure formation. In hot clusters, around 12% of their mass is in the form of a hot, ionized intra-cluster medium (ICM, McCarthy et al. 2007). The ICM can be studied using direct X-ray imaging and/or the Sunyaev-Zeldovich effect (SZ, Sunyaev & Zeldovich 1972 , 1980 . Observations of the latter have grown tremendously in recent years thanks to an array of powerful new instruments (Birkinshaw & Gull 1978; Birkinshaw 1999; Carlstrom et al. 2002) .
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The thermal SZ effect is a secondary anisotropy in the cosmic microwave background (CMB) radiation, caused by CMB photons scattering off free electrons in the hot ICM through the inverse Compton effect. The effect boosts the photon's energy and thus distorts the CMB spectrum in the direction of a cluster, causing a temperature decrement on the low frequency side of the CMB peak (specifically, ν < 217 GHz), and an increment at high frequencies.
The SZ effect is especially powerful for studying highredshift galaxy clusters. Since the Compton y-parameter (the integral of the ICM pressure along the line-of-sight) does not diminish with distance, and since the CMB has a nearly uniform surface brightness, the SZ effect does not diminish with increasing redshift. This makes SZ surveys especially suitable for finding high redshift clusters (Planck Collaboration VIII 2011) . These cluster samples can be used to constrain cosmological models (e.g., from the evolution of the mass function) and to probe the physics of structure formation (e.g., from cluster scaling relations and structural properties, Planck Collaboration VIII 2011). Many ongoing experiments are measuring the SZ effect; for instance, the South Pole Telescope (SPT, Carlstrom et al. 2011) and the Atacama Cosmology Telescope (ACT, Marriage et al. 2011) are each measuring tens to hundreds of clusters over a few hundred square degrees (Haiman, Mohr & Holder 2001; Weller, Battye & Kneissl 2002; Levine, Schulz, & White 2002; Majumdar & Mohr 2004; Douspis, Aghanim & Langer 2006; Shaw, Rudd & Nagai 2012) .
With the mission to precisely measure CMB temperature and polarization anisotropy, the Planck satellite was successfully launched by the European Space Agency (ESA) on 14 May 2009 (Planck Collaboration 2005) . Planck carries a scientific payload consisting of 74 detectors sensitive to frequencies between 25 and 1000 GHz. Planck scans the sky continuously with an angular resolution between about 30 arcmin (FWHM) at the lowest frequency to about 4 arcmin at the highest (Planck Collaboration VIII 2011) . Its combination of frequency coverage, sensitivity, and angular resolution, enables it to measure the spatial anisotropy of the CMB with an accuracy set by fundamental astrophysical limits.
Performing an SZ cluster survey over the full sky was an important goal for Planck (Aghanim et al. 1997) , and the Project produced its Early Release Compact Source Catalog (ERCSC, Planck Collaboration VII 2011) in 2011. The ERCSC included a catalog of 189 SZ clusters detected with high-reliability from the first ten months of the Planck survey 3 . The Project is ultimately expected to release a few thousand high-reliability SZ clusters (Planck Collaboration XII 2011) .
The WMAP mission was launched by NASA on 30 June 2001 to map the CMB anisotropy over the full sky to multipole moment ℓ ∼ 1000 (angular resolution ∼ 0.2
• ). WMAP has precisely measured the cosmological parameters to unprecedented accuracy, but its angular resolution and frequency coverage (23 to 94 GHz) were not optimized for SZ detection. WMAP independently detected a dozen SZ clusters, all of which were well-known (Komatsu et al. 2011) . It is therefore interesting and important to see if the SZ clusters detected by Planck are also detected in the 7-yr WMAP data. This is the aim of this paper.
The plan of this paper is as follows. In Section 2, we review the main features of the SZ effect and discuss the universal pressure profile we use to model the ICM pressure. In Section 3, we review the Planck ESZ catalog and the WMAP W-band data which form the basis of our analysis. In Section 4, we present the matched filter we apply to the WMAP sky map and examine the filtered model profiles for a range of cluster parameters. We present our main results in Section 4.3, and some concluding remarks follow.
Throughout this paper, we adopt a fiducial flat ΛCDM cos-mology with Hubble constant H 0 = 70 km s −1 Mpc −1 , and matter density parameter Ω m = 0.3. The Hubble parameter at red-
2. CLUSTER PRESSURE PROFILE 2.1. SZ effect The thermal SZ effect is a secondary anisotropy in the the cosmic microwave background (CMB) radiation, caused by CMB photons scattering off free electrons in the hot ICM through the inverse Compton effect. The effect boosts the photon's energy and thus distorts the CMB spectrum, causing a temperature decrement on the low frequency side of the CMB peak, and vice versa. The induced temperature anisotropy in the direction of a cluster is (Sunyaev & Zeldovich 1972; Birkinshaw 1999; Carlstrom et al. 2002 )
where
captures the frequency dependence, and
The dimensionless Comptonization parameter y depends on the electron temperature, T e (r), and density, n e (r), in the ICM,
where σ T is the Thomson cross section, k B is the Boltzmann constant, m e is the electron rest mass and the integral is taken along the line of sight. Since y is positive, the sign of g ν determines whether ∆T is an increment or decrement in the CMB temperature. With T CMB = 2.725 K, we have g ν > 0 for ν > 217 GHz, and vice versa, and g ν → −2 at low frequencies (η ≪ 1). It is convenient to define the integrated SZ signal as Y ≡ y dΩ, where the integration is over the solid angle of the cluster. This is equivalent to a volume integral
where D A is the angular diameter distance to the system and P = n e kT e the electron pressure (Planck Collaboration VIII 2011) . In the following, we denote the integral performed over the sphere of radius R 500 4 (5R 500 ), as Y 500 (Y 5R500 ). Note that Y has units of solid angle, typically arcmin 2 .
2.2. Universal profile In order to study the SZ effect in the WMAP data, we need a model for the pressure profile of the cluster gas, P(r). Arnaud et al. (2010) studied ICM pressure profiles using a sample of 33 local (z < 0.2) clusters observed with XMMNewton. The sample spans a mass range of 10 14 M ⊙ < M 500 < 10 15 M ⊙ , where M 500 is the mass enclosed within R 500 (assumed to be spherically symmetric). The pressure profiles in their sample can be described by a universal profile that is scaled with both mass-and redshift-dependent factors. The 4 R 500 is defined as the radius within which the density contrast is > 500. dispersion of the data about the scaled profile is less than 30% beyond 0.2R 500 (Arnaud et al. 2010) .
With x ≡ r/R 500 , the form of the universal profile given by Arnaud et al. (2010) is
where h 70 = (h/0.7), α p = 0.12, and
Herep(x) is the generalized NFW model proposed by Nagai, Kravtsov & Vikhlinin (2007) (see also Arnaud et al. 2010) p
where P 0 = 8.403h
is the overall magnitude of the pressure profile, and c 500 , γ, α, and β determine the slope of the profile. By fitting this pressure template to the simulated profile, Arnaud et al. (2010) found the best parameters are c 500 = 1.177, γ = 0.3081, α = 1.051, and β = 5.4905.
The only parameter left undetermined in Eq. (5) is the mass parameter M 500 , which is nearly degenerate with the overall pressure normalization term P 0 in Eq. (7). To illustrate this degeneracy, we plot in Fig. 1a the normalized pressure profiles, P(x)/P(0), for several combinations of M 500 and cluster redshift, z. They show very similar normalized profiles.
The angular profile of the model SZ signal is obtained by projecting the 3-D pressure profile P(r) onto the plane of the sky and calculating the corresponding temperature profile. Following Komatsu et al. (2011) , the projected profile, in keV cm −3 , is
where D A is the angular diameter distance to redshift z, and r out is the truncated radius, which we take to be r out = 6R 500 . Beyond this range, the projection is not very sensitive to r out because the profile falls off rapidly. Given the 2-dimensional pressure profile, the temperature profile is
and the Comptonization parameter y (Eq. (3)) is
where we have used θ ≡ r/D A .
In Fig. 1b , we plot the normalized Comptonization profile, y(θ)/y(0) vs. θ/θ 500 , for the same four cluster parameters as in Fig. 1a . Again, the normalized y profiles are very similar. Since we fit the normalization of the profile to the WMAP data, we are primarily concerned with the angular radius of each cluster, θ 500 , which scales the extent of the profile. As discussed below, this parameter may be derived from information provided in the Planck ESZ catalog. Thus, when fitting the WMAP data, we adopt the normalized profile in Eq. (10), using the θ 500 value predicted by Planck.
3. DATA DESCRIPTION In this section, we introduce the data used in our analysis: the Planck Early SZ catalog, which consists of 189 clusters; and the WMAP W-band sky map that will be used for consistency testing.
Planck ESZ catalog
Planck is a full-sky CMB survey with nine different frequency channels, 30, 44, 70, 100, 143, 217, 353, 545 , and 857 GHz. The FWHM angular resolution for these channels are 33, 24, 14, 10, 7.1, 5, 5 and 5 arcmin, respectively (Planck Collaboration 2005) .
The ESZ catalog was obtained from a blind, multifrequency search of the Planck High Frequency Instrument (HFI) maps, using an all-sky extension of the algorithm given in Melin et al. (2006) . The team used a matched multifrequency filter method to enhance signal-to-noise in the 189 detected objects; the filter optimizes detectability by using a linear combination of frequency maps to null the CMB signal, and spatial filtering to suppress foregrounds and instrument noise (Planck Collaboration VIII 2011) . Therefore, the Planck filter boosts the expected SZ signal over all-sky emission (including foregrounds) and noise. In principle, SZ clusters can be also seen in the three Low Frequency Instrument (LFI) channels; however, the low-frequency beam size (∼25 arcmin) is generally much larger than a typical cluster size of ∼5 arcmin, effectively diluting the signal, and therefore the LFI channels were not included in the analysis (Planck Collaboration VIII 2011). The position and radius (5R 500 ) of each cluster profile was varied to maximize the signal-to-noise ratio of each detection. The position, angular radius, 5θ 500 , and integrated Comptonization parameter, Y 5R500 , are tabulated for each cluster in the catalog (Planck Collaboration VIII 2011) 5 .
5 With the assumption of spherical symmetry in the model profile, we have
The preliminary analysis yielded 201 high signal-to-noise (S/N > 6) candidates, of which 189 were deemed to be of high reliability. Of these, 169 were already known from Xray and optical surveys, while 20 clusters were newly detected. The new clusters were subsequently confirmed by XMM-Newton observations (Planck Collaboration IX 2011) and by the Arcminute Microkelvin Imager (AMI) survey (Zwart et al. 2008) .
Redshifts are known for 175 of the 189 clusters. Since we require redshift information to construct a pressure profile, we limit our analysis of WMAP data to this subset of the full catalog. The redshift distribution and positions of the Planck ESZ clusters are shown in Fig. 2 : in panel (a), the redshift distribution of these clusters is seen to range from 0.01 to 0.5 with a mean redshift of 0.18. Their spatial distribution shown in panel (b) is close to uniform across the sky, outside a |b| < 14
• Galaxy cut, although in principle more objects are sampled around the ecliptic poles.
WMAP W-band data
The WMAP satellite produced full-sky maps at five frequency bands from 23 to 94 GHz, with a FWHM angular resolution from 52.8 to 13.2 arcmin, respectively. These maps were used to measure cosmological parameters with unprecedented accuracy.
Taking into account the combined effects of spectral shape, g ν , and diffraction-limited beam size, the largest SZ decrement occurs around 140 GHz (Carlstrom et al. 2002) , which is higher than the highest WMAP frequency. Within the WMAP bands, the 94 GHz W-band map has the most sensitivity to SZ signal, owing mostly to its angular resolution (and relatively low foreground contamination). We use the W-band HEALPix map at n side = 1024 (Gorski et al. 2005 ). In the following analysis, we fit SZ profiles to the 7-yr W-band sky map. At 94 GHz, the SZ decrement is ∆T SZ /T = −1.56 y.
FILTERING TECHNIQUE
To optimally characterize the SZ signal, we need to filter the observed maps, which are dominated by primary CMB fluctuations, but which also include residual foreground signals (including extragalactic point sources) and instrument noise. In this section we describe the choice of filter (following Tegmark & de Oliveira-Costa 1998) , calculate the temperature profile of SZ clusters after filtering, and compute the Y -parameter. We then compare Y 500 derived from WMAP with that derived from Planck. 4.1. Optimal filter SZ clusters are typically unresolved in the WMAP beam, so we treat them as point sources on the sky. In this limit, if cluster i has flux S i at sky positionr i , the sky temperature ∆T (r) may be written as
where δ is the Dirac delta function, and c is the conversion factor between flux and temperature, given by
where η is defined in Eq. (2) (see also Tegmark & Efstathiou 1996; Tegmark & de Oliveira-Costa 1998) . Here, the spherical harmonic coefficients a ℓm characterize the true CMB temperature fluctuation. The sky signal convolved with the beam response, B ℓ , is
Here a tot ℓm encodes the temperature due to CMB fluctuations (convolved with the beam), and detector noise (not convolved with the beam),
where the beam transfer function, B ℓ , is obtained from the LAMBDA website. [Note: in this analysis, we use the WMAP 7-yr W-band map supplied by the WMAP team ( 
-Measured (black) and predicted (red) power spectra, C ℓ , from the WMAP 7-yr W-band map. The predicted spectrum is based on the bestfit ΛCDM model convolved with the beam, plus detector noise, assuming N ℓ ≡ 0.0187 µK 2 (Hinshaw et al. 2007 ). left), and impose the WMAP 7-yr analysis mask (Fig. 3 upper-right); we also neglect residual foreground signals in the cleaned, masked maps.] Fig. 4 compares the angular power spectrum, C ℓ , directly estimated from the map with the spectrum predicted by Eq. (14) using the best-fit ΛCDM model. The predicted spectrum agrees with the measured spectrum very well.
To maximize our sensitivity to point sources, we further convolve the observed map ∆T obs with an optimal filter W ℓ , so that
Note that this form implicitly assumes that the beam response and optimal filter are both azimuthally symmetric. Treating the second line in Eq. (15) as the noise term, we seek the form of W ℓ that maximizes the cluster signal-to-noise ratio. In the direction of cluster i, the filtered signal is ∆T (r i ) = AS i , where
We choose W ℓ to minimize the ratio
+ N ℓ , and we take C CMB ℓ to be the ΛCDM model power spectrum.
We minimize Eq. (17) by adding a Lagrange multiplier to the numerator,
and minimizing with respect W ℓ . We obtain
The normalization of W ℓ does not affect the signal-to-noise ratio of the cluster detection. We plot W ℓ in Fig. 5 ; note that W ℓ is maximal in the range ℓ ∼ 500 − 1000. With this filter, the smallest variance we can obtain for a point source is
4.2. The filtered cluster profile What is the shape of the universal cluster profile after filtering? Let the unfiltered temperature map due to N clusters at positionsr i (i = 1, . . . , N) be
where f i is the profile of the ith cluster, and Θ i is the angle between the ith cluster andr,
The filtered cluster map may be written as
and cos Θ ′ =r ·r ′ . In the limit that the SZ clusters can be considered point sources, f i (Θ i ) = cS i δ(r i ,r), the filtered map reduces tox
In Fig. 6 , we plot selected SZ cluster profiles before and after filtering. For the small cluster case shown in Fig. 6a , the filtered profile does not differ appreciably from a filtered point source, because the cluster is unresolved. However, for larger cluster (Fig. 6b) , the filtered profile is noticeably different from a filtered point source profile. In either case, we note that θ 500 lies within the radius where the filtered profile is still positive, so this filter should not suppress actual SZ signal. We consider this question in more detail in the following section. 
Results of filtering
In Fig. 3 lower-left panel, we show the filtered WMAP 7-yr W-band map, which exhibits suppression of CMB signal over a range of angular scales. The dimensionless y-map obtained from y = −∆T SZ /(1.56T) is shown in the lower-right panel of Fig. 3 . We then calculate Y 500 for each cluster. To do this, we use R 500 as the radius of each cluster and sum over all of the pixels within this radius, i.e.,
We then tabulate the results in column 8 of Table 2 . To evaluate the uncertainty in Y 500 , we simulate 1000 sky maps with CMB signal and pixel noise. For each map we calculate Y 500 at each cluster position, then compute the standard deviation over the ensemble of maps. The resulting error is given in column 9 of Table 2 . Because of beam dilution and detector noise in the WMAP data, the signal-to-noise ratio for the detection of individual SZ clusters is relatively low; however, the stacked signal is detected at high significant level. In Table 1 we give the aggregate signal-to-noise ratio for two methods of stacking: unweighted and weighted. In the first method we evaluate
which equally weights all cluster detections. The total signalto-noise ratio for this method is 8.9 for WMAP and 85.2 for Planck. In the second method we evaluate
which down-weights clusters with low signal-to-noise. This gives an aggregate signal-to-noise of 16.3 for WMAP and 123.3 for Planck. In Fig. 7 we show the aggregate SZ profile from the stacked WMAP data and compare this to the predicted profile based on stacking the universal pressure profile, scaled by the measured Comptonization parameters from the Planck catalog. Next, we assess the consistency between the WMAP and Planck cluster detections. Figure 8 compares the integrated Comptonization parameter, Y 500 , from each data set. While there is quite a bit of scatter, the two measurements are clearly 
which is within 2σ of unity. Fig. 8 shows the best-fit regression in red. While the measured slope is perfectly consistent with unity, we briefly consider some potential sources of systematic error in our comparison. (1) The amplitude of Y wmap 500 depends on how one treats the monopole moment in the WMAP map. In our analysis, we subtract the monopole both before and after we apply the optimal filter to the map. (2) Finite pixel size can introduce noise when identifying pixels within an area that is not much larger than the pixel size. We account for this effect in our Monte Carlo evaluation of the Y wmap 500 uncertainty. (3) For clusters with θ 500 larger than the WMAP W-band beam width of 0.21
• , the integral for Y 500 includes some negative regions in the filtered profile, as shown in Fig. 6 . This will suppress the integrated signal in those clusters. The smaller value of Y wmap 500 measured in the Coma cluster, compared to Y planck 500 , is due to this effect. We note that our value is consistent with that reported by Komatsu et al. (2011) 6 . (4) While the Planck team documented their detection of SZ clusters (Planck Collaboration VIII 2011; Planck Collaboration VII 2011; Planck Collaboration IX 2011), some processing details are not explicitly described, such as the precise choice of filter. Despite these uncertainties, the best-fit slope between Y wmap 500 and Y planck 500 is consistent with unity and suggests that such effects are not significant.
CONCLUSION
6 Komatsu et al. (2011) do not give an explicit value for Y 500 , but from the measured dimensionless quantity y ∼ 7 × 10 −5 (two equations after their equation (71)), and the profile width of 10.3 ′ (three lines above their equation (70) and figure 14), we estimate that their measured value of Y 500 for COMA would be about 0.01 arcmin 2 , which is consistent with our finding, within the errors. The Planck collaboration released its ESZ cluster catalog in Jan 2011. It contained 189 SZ clusters across the full sky, 175 of which had tabulated redshifts. In this paper, we examine these 175 cluster locations in the WMAP data to assess consistency with the Planck catalog.
We assume that the clusters are described by a universal pressure profile, Eq. (5), and project the 3-D profile onto the plane of the sky. Given this profile, we can calculate the integrated Comptonization parameter, Y 500 , for any cluster location determined by Planck. We filter the WMAP 7-yr W-band data with an optimal filter to suppress primary CMB signal and detector noise, then examine the effects of the filter on the universal pressure profile. We conclude that the angular radius, θ 500 , adequately captures the bulk of the SZ signal in the filtered data. We estimate the uncertainty in Y 500 using 1000 Monte Carlo realizations of a ΛCDM CMB signal plus detector noise.
We perform two consistency tests between Y wmap 500 and Y planck 500 . First, we stack all the cluster data to estimate the total signal-to-noise ratio. In the weighted stacking, we obtain an aggregate signal-to-noise ratio of 16.3 from the WMAP data, which clearly indicates that WMAP detects the most significant clusters seen by Planck.
Next we compare Y wmap 500
and Y planck 500
for each cluster. In a linear regression analysis, which accounts for errors in both measurements, we find the best-fit slope is 1.23 ± 0.18. This is consistent with unity at the 2σ confidence level. We further consider some systematic error sources that could lead to a slope slightly greater than unity. Our results show that there are no fundamental problems with reliability of the ESZ or the calibration of the SZ amplitude. A similar conclusion was also drawn in the third version of Whitbourn, Shanks & Sawangwit (2011) .
The filtering technique presented here could easily be extended to other surveys, such as ACT and SPT. We plan to revisit this issue when the appropriate data are publicly available.
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The authors acknowledge the use of the LAMBDA Data Center (http://lambda.gsfc.nasa.gov/). We thank Kris Sigurdson and Jim Zibin for helpful discussions. Suppose we have one data point (x, y), as plotted in Fig. 9 , with measurement errors in both directions (δx, δy). The function we want to fit is Y = f (X), and so (X,Y ) can be any point on the curve. In practise, (X,Y ) should be fairly close to the data point (x, y). We want to measure
The geometric relationship between these quantities is illustrated in Fig. 9 . Therefore,
Therefore, for just one datum, the likelihood for the function is f (x) as
We can generalize above equation for a data set with N independent data (x k , y k , δx k , δy k ), yielding
Therefore, for the case of a linear regression model y = a * x, the likelihood for parameter a becomes
We maximize this to obtain the amplitude of the linear regression parameter between Y wmap and Y planck in Section 4. 
